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ABSTRACT 

A c h l o r i d e   v a p o r - d e p o s i t e d  (110) t u n g s t e n   e m i t t e r   w i t h  a v a c u u m   w o r k  

func t ion   of  4. 9 6  eV  was   bu i l t   i n to  a 0 . 0 0 5 - i n c h - s p a c e d   c o n v e r t e r   w i t h  a 

n i c k e l   c o l l e c t o r .   T h e  I - V  c u r v e s   f o r   e m i t t e r   t e m p e r a t u r e s  of 1673OK t o  

2153'K a r e   p r e s e n t e d .   T h e   o u t p u t   p o w e r   v e r s u s   e m i t t e r   t e m p e r a t u r e   i s  

c o m p a r e d   w i t h   t h r e e   o t h e r   s i m i l a r   c o n v e r t e r s .   T h i s   c o n v e r t e r   y i e l d e d  

a l m o s t   t h e  same ou tpu t   power  as a c o n v e r t e r   w i t h  a s i n g l e - c r y s t a l  (110) 

t u n g s t e n   e m i t t e r ,  0. 002- inch   spac ing   and  a m o l y b d e n u m   c o l l e c t o r .   T h e  

v a p o r - d e p o s i t e d  (110) t u n g s t e n   s u r f a c e   w a s   f o u n d   t o   b e   e x t r e m e l y   s t a b l e .  

T h e   c o l l e c t o r   w o r k   f u n c t i o n   w a s   o b s e r v e d   t o   d e c r e a s e   w h e n   t h e   d e v i c e   w a s  

l e f t   a t   r o o m   t e m p e r a t u r e   f o r   o n e   m o n t h .  
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FOREWORD 

The  research  described  herein  was  conducted by the  General  Electric 
Research  and  Development  Center  under NASA Contract NAS 3-8511. The 
NASA Project  Manager was  Mr. J. F. Mondt,  Direct  Energy  Conversion Div- 
ision,  Lewis  Research  Center.  The  report  was  originally  assigned  General 
Electric  document No. GESP-9001. 
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SUMMARY 

This   top ica l  report* represents   one  of a series of r epor t s   t o   be   p re -  

pared   under  NASA Cont rac t  NAS 3-851 1, T a s k  111, "Investigation of t h e  Effect 

of E lec t rode   Ma te r i a l s ,   Su r face   T rea tmen t ,   and   E lec t rode   Spac ing   on  

Thermion ic   Conver t e r   Pe r fo rmance .  " 

The   conve r t e r  of t h i s   r epor t   had  a f ixed  e lectrode  spacing of 0.005 

inch.  The emitter was  chlor ide  vapor-deposi ted  tungsten  with  the (110) c r y s t a l  

p lanes   para l le l   to   the  surface. The  col lector   and  guard  r ing  were  nickel .  

Four   emi t t e r s   were   p repa red .   The   two   t ha t   x - r ay   d i f f r ac t ion   i nd ica t ed  

were   h ighly   o r ien ted   wi th   the  (110) c rys t a l   p l anes   pa ra l l e l   t o   t he   emi t t e r   su r -  

face ,   g rew  la rge   g ra ins   when  hea ted   to  250OOC. The   hea t   t rea ted   wel l -or ien ted  

surfaces   had  vacuum  work  funct ions of 4. 95 eV.  Measuremen t s  on  single 

c r y s t a l  (110) p l a n e s   v a r y   f r o m  4. 92 to  5. 25  eV. 

S i n c e   h e a t   t r e a t m e n t   a t  2500' conver t s   mos t  of t he   su r f ace   t o   t he  (110) 

crystal l i tes   and  s ince  fur ther   heat ing at the   conve r t e r   ope ra t ing   t empera tu re  

inc reases   t he  area of (110) sur face ,   one   expec tes   the  (110) surface  to   be 

ex t r eme ly   s t ab le   du r ing   conve r t e r   ope ra t ion .  

Ini t ia l ly ,   the   col lector   work  funct ion  was 1. 61 eV.  After a month at 

r o o m   t e m p e r a t u r e ,  it w a s  1.44 eV. After this   change in co l lec tor   work   func t ion ,  

the   conver te r   was   opera ted   wi th   the  emitter temperature ,  T f r o m  1673OK to 

2153OK; cOl l ec to r   t empera tu re ,   Tc ,   f rom 827'K to 1065OK; and   the   ces ium 

r e s e r v o i r   t e m p e r a t u r e ,  TCs,  f r o m  533OK to 653OK. 

E' 

A calculated  eff ic iency at 2155'K f o r   t h e   e m i t t e r   w a s  23%. Because  

of the   shape  of the  envelope of the  load  l ines  at va r ious   ce s ium  p re s su res  at 

*The data in this  document  were first reported  at  the Second International 
Conference on Thermionic  Electrical  Power  Generation at  Stresa, Italy, May 27-31, 
1968 (see  ref. 1). 



t h i s  emitter t empera tu re ,   t he   p lo t  of t he   e f f i c i ency   ve r sus -cu r ren t   dens i ty  

had a broad   maximum  wi th   e f f ic ienc ies   above  22% f r o m  10 t o  40 a m p e r e s / c m  . 2 

The  output  power of th i s   conver te r   wi th   the   po lycrys ta l l ine  (110) 
tungsten emitter, a- nickel   col lector   and a 0. 005- inch   spac ing   was   compared  

wi th   the   ou tput   f rom a conve r t e r  operated by  Athanis  and  Van  Someren (1) 

which  had a s i n g l e   c r y s t a l  (110) tungs ten  emitter, a molybdenum  collector,   and 

a 0. 002-inch  spacing.   The  two  converters   had  near ly   ident ical   output   powers  

over  a wide  range. of emi t t e r   t empera tu res   and   cu r ren t   dens i t i e s .  

Although  the  converter   was  only  operated  for   about  40 hour s ,   t he re  

was  no  indication of a reduction  in  output  power  with  operation.  Photo- 

mic rographs  of t h e   c e n t r a l  area taken  before   and after opera t ion  of t h e  

emitter showed   t he   exac t   g ra in   s t ruc tu re   and  no change   in   sur face   appearance .  

T h e   w a s t e   h e a t   f r o m   t h e   c o l l e c t o r   w a s   r e m o v e d  by  radiation  and  the 

co l lec tor   t empera ture   cont ro l led  by an   aux i l i a ry   e l ec t r i c   hea t e r .  At  high 

emi t t e r   t empera tu re   and   h igh   cu r ren t   dens i t i e s ,   t he   r ad ia t ion   coo l ing   was  

not   suff ic ient   and  the  col lector   rose  to  1065OK which is cons idered   above   the  

opt imum  co l lec tor   t empera ture .   This   reduced   the   observed   ou tput   power  

somewhat  at h igh   emi t t e r   t empera tu res .  

2 
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INTRODUCTION 

This   s tudy is p a r t  of a p r o g r a m   t o   c o m p a r e   t h e   c h a r a c t e r i s t i c s  of 

thermionic   conver te rs   wi th   var ious  emitter and  col lector  materials and 

sur faces   under   Task  I11 of cont rac t  NAS 3-8511. Table  1 indicates   the 

emitter material, col lector  material and  spacing  for   the first e ight   conver te rs  

of th i s  series. I t e m  9 is the   conve r t e r   r epor t ed   he re .   The   measu red  

per formances  are documented in the  references  indicated  in  the  table.  

Table  1. 

Emitter 

Polycrys ta l l ine  W (2) 

Polycrys ta l l ine  W ( 2 )  

Polycrys ta l l ine  W (394, 5) 

Polycrystal l ine W (536) 

Polycrys ta l l ine  W (6)  
W-25   w /o   Re  

Polycrys ta l l ine  W ( 8 ,  9 )  

Vapor  Dep. (100) W ,  (110) Etch  (10) 

Vapor  Dep. (110) W ,  (110) E t c h  

( 7 )  

Collector  

Ni 

N i  

Ni 

N i  

W 

Ni 

Nb 

Nb 

N i  

Spacing  (Inches) 

0.005 

0 .005  

0 .002  

0 .002  

0 .002  

0.005 

0 .001  t o  0 .020  

0.001 t o  0 . 0 2 0  

0. 005 

T h e   c o n v e r t e r  of th i s   repor t   had  a fixed  electrode  spacing of 0. 005 

inch.  The  nickel  collector  was  surrounded  by a nickel  guard  r ing.  A d e s -  

cr ipt ion of the   conver te r   was   g iven   in   re fe rence  3. The   cho ices   fo r   emi t t e r  

and   co l lec tor   mater ia l s   were   made   for   the   fo l lowing   reasons .   The  (110) 

c rys ta l   p lane  of tungs ten   was   chosen   for   the   emi t te r   for   two  reasons :  (1) it 

is the  close-packed  plane  and i t  yields a h igher   e lec t ron   emiss ion   a t   in te r -  

med ia t e   ce s ium  vapor   p re s su res   t han   t he   o the r   p l anes  of tungsten; (‘ ’) and 

(2)  the  c lose-packed  plane is least suscept ib le   to   thermal   e tch ing- -a t   normal ,  

emi t t e r   t empera tu res   shou ld   be   s t ab le   w i th   t ime .   Fo r   t he   co l l ec to r ,   n i cke l  

was  chosen  because  previous  tes ts(6)   indicated  nickel   covered  with  cesium 

has  been a stable,   low-work  function  surface.  

3 



In   the   fu ture   p rogram,   because  of the   ant ic ipated  s tabi l i ty   and  uniformity 

of the  tungsten (110) sur face ,   th i s   sur face .wi l1   be   used  as a r e fe rence   emi t t e r  

su r f ace  to  compare   var ious   co l lec tor   sur faces .   The   next   co l lec tor   to   be   t es ted .  

is niobium. 

4 



EMITTER  SURFACE  CHARACTERIZATION 

T h e  emitter used   fo r   t h i s  test was  one of fou r - - each   was  a 114-inch- 

thick  polycrystal l ine  tungsten  disk,   General   Electr ic   Company #115 weldable 

grade,   coated  with a 0.020-inch-thick  layer of (110) tungsten  by  the  chloride 

vapor-deposi t ion  process .   The  vapor-deposi ted surface of e a c h  emitter w a s  

ground  f lat ,   mechanically  polished  and  electropolished.  (I2)  Table 2 shows 

the   r e su l t  of x - r a y  tests on   t hese   fou r  emitters. 

Table  2. 

E m i t t e r s  

Degrees  
Angle, 

4 3  2 1 

c PS I /Io 
. 0 CPS I/Io c PS 111, 111 c PS 

0 

14 400 7 340 1 9  3, 750 1 6  4, 010 5 
18 545 10 500 28 5, 500 21 5,  320 4 
42 1 , 2 2 5  13 620 45 8, 970 2 5  6 , 2 1 0  3 
64 1, 895 21 950 62 12, 210 32 7 ,960  2 
98 2,  885  58  2,  770  82 16, 180  59 14,  550 1 

100 2,  950 82 3, 970 99 19, 570 77 19 ,180  112 
78* 2,  235 100 4, 810 100 19,  750 100 24, 770 

':<Fiber axis not   normal   to   disk.  

The  x-ray  technician  made  the  fol lowing  observat ions,  ' I .  . . the 

exposed (110) c rys t a l   p l anes  of e m i t t e r s  1 and 2 are random  within  the emitter 

plane  and  more  highly  oriented  than (110) c rys t a l   p l anes  of e m i t t e r s  3 and 4. 

T h e  (110) c rys t a l   p l anes  of e m i t t e r s  3 and 4 exhib i t   some  randomness   para l le l  

t o   t he   su r f ace  of the emitter with a small d e g r e e  of orientation  within  the 

plane. ' I  T h e  emitter w a s  set up   in   the   normal   fash ion   in   the   d i f f rac tometer  

t o   de t e rmine   t he   o r i en ta t ion  of t h e   e m i t t e r   s u r f a c e .   F r o m  all f o u r   e m i t t e r s  

the (110) Bragg   re f lec t ion   was   s t ronger   than   any   o ther   Bragg   re f lec t ion .   The  

inc iden t   beam  cove r s  a swath   across   the   sample   1 /4- inch   wide .  If t h e r e  are 

many   c rys t a l s   w i th   t he  (110) plane  paral le l   to   the emitter plane,  the  counting 

rate   wil l   be   high.  If t h e r e  are only a few  c rys ta l s   wi th   the  (110) plane 

pa ra l l e l   t o   t he  emitter plane,   the  counting  rate  will   be low. E m i t t e r s  1 and 2 

5 



have   f i ve   t o   t en  times the  counting rates of emitters 3 and 4. T h i s  is t h e  

pr incipal   indicat ion  that  emitters 1 and 2 are be t te r   o r ien ted   than  emitters 

3 and  4. 

The   x - r ay   gon iomete r   was  set up   to   re f lec t   the  (110) Bragg   re f lec t ion  

and   the   assembly   was   t ipped  a few  degrees   in  a plane  perpendicular   to   the 

plane  containing  the  incident   beam,  the  normal   to   the  surface  and  the  Bragg 

re f lec t ion .   The   resu l t ing   x - ray   in tens i t ies  as a function of the  angle of th i s  

t i p  are  given in Table  2 in CPS (counts   per   second) .   The   re la t ive   in tens i ty ,  

I./IOJ f o r   e a c h   e m i t t e r  is g iven   i n   F igu re  1. These   p lo ts   a re   no t   suf f ic ien t   to  

judge  which emitters  are bes t   o r ien ted .   The  low coun t ing   r a t e   fo r   emi t t e r  3 

ind ica tes   tha t   there  are few  c rys ta l l i t es   o r ien ted   wi th   the  (110) p a r a l l e l   t o   t h e  

surface;   however ,   the   rapid  fa l l -off  of re la t ive   in tens i ty   wi th   angle   ind ica tes  

t ha t   t hose   c rys t a l l i t e s   w i th   t he  (110) or ien ta t ion  are very   c lose ly   o r ien ted  

paral le l   to   the  bulk  surface.  

Each   emi t te r   was   mounted   in  a vacuum  be l l   j a r   (p re s su re -2  x 10 -6  

to r r   w i th   emi t t e r   ho t )   w i th   t he   o r i en ted   su r f ace   f ac ing  a col lector   and  guard 

r ing.   The  work  funct ion of t h i s   su r f ace   was   de t e rmined   by   e l ec t ron   emis s ion  

f rom  the   emi t t e r   t o   t he   co l l ec to r  in   an  accelerat ing  f ie ld   for   e lectrons.  

F i g u r e  2 is a plot of work  funct ion at d i f f e ren t   t empera tu res   fo r   emi t t e r  3. 

Init ially  contamination,  probably  oxygen,  caused  the  work  function t o  be  high. 

After f i rs t   heat ing  to  2400°K  and  finally  l/2-hour at 2670°K,  the  work  function 

set t led  down  to  4.   73  eV  measured at 22OOOK. F i g u r e  3 shows  the   resu l t s  of 

work   func t ion   measurements   for  emitter 1 at d i f f e ren t   t empera tu res .   The  

lower   curve   was   t aken  after a hea t   t r ea tmen t  of 1 hour at 1973OK and 1 hour 

at 2100'K. The small change  in   work  funct ion as a function of emitter 

t empera tu re   sugges t s   t ha t   t h i s   hea t   t r ea tmen t   c l eaned   up   t he   su r f ace .  After 

fur ther   hea t ing   for   l /Z-hour  at 2670°K,  the  upper  curve  was  obtained. 

Dur ing   th i s   h igh   tempera ture   hea t   t rea tment ,   l a rger   c rys ta l s   were   g rown  in  

the   tungs ten .   This   behavior   i s   shown  in   F igure   4a .   The   th ree   f ine   l ines  

tha t   mee t   nea r   t he   cen te r  of the  photograph are new c rys t a l   g ra in   boundar i e s .  

The   l i nes   wh ich   ou t l i ne   sma l l e r   a r eas  are the   g ra in   boundar ies  of t he   o r ig ina l  

6 
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FIGURE 4a. CENTER  OF EMITTER 1 - DIAMETER = 0.53 mm FIGURE 4b. CENTER  OF EMITTER 2 - DIAMETER = 0.53 mm 

FIGURE 4c. EMITTER 3 - DIAMETER = 0.19 mm 
... 

FIGURE 4d. EMITTER 4 - DIAMETER = 0.53 mm 



c rys t a l l i t e s .   These  smaller  areas are at s l ight ly   different   e levat ions,   l ike  

small plateaus  extending  above a flat plane.   The  difference  in  elevation is a 

m i c r o n   o r  less. F igu re   4b   shows  a similar r eg ion   fo r  emitter 2 ,   F igu re   4c  

is f r o m  emitter 3 , .  and  F igure  4d is f r o m  emitter 4. The  e tch  pi ts   in  

F igu res   4c   and  4d  show  that emitters 3 and 4 are not   wel l   or iented  with  the 

(110) p l anes   pa ra l l e l   t o   t he   su r f ace .  

S ince   hea t   t r ea tmen t  at 250OoC conver t s   mos t  of t h e   s u r f a c e   t o   t h e  

(110) c rys ta l l i t es   and   s ince   fur ther   hea t ing  at conve r t e r   ope ra t ing   t empera tu res  

i n c r e a s e s   t h e  area of (110) sur face ,   one   expec ts   the  (110) su r faces   t o   be  

ex t remely   s tab le   dur ing   conver te r   opera t ion .  

The   work   func t ion  of t h e  emitters at 2200°K is given  in  Table 3. 

E m i t t e r  1 was   s e l ec t ed   fo r   t h i s   conve r t e r .  

Table  3 .  

Emitter q5 (eV) at 2200°K 

1 4. 96 
2 4. 95 
3 4. 73 
4 4. 67 

L. Yang  and R .  G. Hudson(13)   have  a lso  observed a c o r r e l a t i o n  

be tween  the   degree  of or ientat ion of the  chloride  deposited  tungsten  and  the 

magnitude of the   work   func t ion .   They   prepared  a dup lex   s t ruc tu re   w i th  (110)- 

or ien ted   f luor ide   tungs ten   base ,   and   repor t  ' I .  . . stable   vacuum  work 

11 



FIGURE 4f. EMITTER 2 AFTER % HOUR AT 2500% 
DIAMETER = 0.53 mm 

FIGURE 49. TYPICAL AREA OF EMITTER  1 AFTER HEAT  TREATMENT - 
DIAMETER = 0.19 mm 



function at 2073°K". They   repor t ,   "Thermal   e tch ing   in   vacuum  up   to  2673OK 

does  not  change  the  vacuum work function of e i the r   t he   ch lo r ide  or the   f luoride 

tungsten  deposi t .  I t  
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CONVERTER  PERFORMANCE  TESTS 

After outgass ing   the   conver te r ,   the   work   func t ion  of t h e  emitter w a s  

aga in   measu red .   The  circles o n   F i g u r e  3 show  the   r e su l t s  of t h e s e   m e a s u r e -  ' 

ments .  After admit t ing  cesium,  the  col lector   work  funct ion  was  measured.  

ini t ia l ly   the  nickel   col lector   was  heated  to  806OK and   t he   ce s ium  r e se rvo i r  

w a s   h e a t e d   f r o m  491°K t o  523OK. Under   these  condi t ions,  it was   imposs ib l e  

t o   m e a s u r e   t h e   w o r k   f u n c t i o n  of t he   co l l ec to r   because   t he   conve r t e r   wen t   i n to  

a d i scha rge   be fo re   t he   co l l ec to r   emis s ion   cu r ren t   r eached   s a tu ra t ion .   The  

co l lec tor   was   then   cooled   to  780°K  and   t he   ce s ium  r e se rvo i r   t empera tu re  

v a r i e d   f r o m  414OK to 518'K. In   th i s   range   the   min imum  co l lec tor   work   func t ion  

w a s  1. 61 e V  at TCs = 424'K, co r re spond ing   t o  a T / T C s  of  1. 84. T h e   c o n v e r t e r  

was   t hen   ope ra t ed  at about 1700°K emi t t e r   t empera tu re   and   t he   pe r fo rmance  

indicated  that  it was  not  a par t icular ly   high-output   converter .  

T h e   c o n v e r t e r   w a s  not   operated  again  for  a mon th .   F igu res  5 through 

10 show  the   ou tput   charac te r i s t ics  of t he   conve r t e r  at d i f fe ren t   emi t te r  

t empera tu res .   The   enve lopes  of t hese   f ami l i e s  of c u r v e s  are shown in 

F i g u r e  11. The  method of tak ing   the   da ta  is descr ibed   in   an  earlier repor t .  

One   measurement   re f inement   was   made   to   speed   up   the   co l lec t ion  of data.  

F o r m e r l y ,  in o r d e r   t o   m e a s u r e   t h e   a v e r a g e  a. c.   (used  in  calculating  the  heat 

f l u x  th rough  the   emi t te r )   the   load   res i s tor   was   ad jus ted  s o  t h e   e m i t t e r  

tempera ture   would   s tay   cons tan t   when  the  a. c .   d r ive   was   t u rned   on   o r  off. 

This  would  prove  that   the  d.   c.   and  average a. c. were   t he  same. The  d .  c. 

was   then   observed .   In   t es t ing   th i s   conver te r ,  a vacuum  tube  vol tmeter   was 

used   t o   measu re   t he   ave rage   a l t e rna t ing   cu r ren t   (no t   t he   roo t   mean   squa re )  

and   t h i s   cu r ren t   was   u sed   t o  estimate the   average   e lec t ron   cool ing .  

(9)  

DISCUSSION O F  RESULTS 

F i g u r e  12 compares  the  output  voltage  and  the  power of this.  con- 

v e r t e r  at 20 amp/cm2  output   cur ren t   wi th  k v o  o the r   conve r t e r s .  All t h r e e  

had   n icke l   co l lec tors   and   5-mi l   spac ing .   The   two  lower   curves   represent  

conver te rs   wi th   po lycrys ta l l ine   tungs ten   and   po lycrys ta l l ine   rhenium  emi t te rs .  
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The  upper   so l id   curve   represents   the   ou tput   for   th i s   conver te r .   In   th i s  

conver te r   des ign ,   the   hea t   f rom  the   co l lec tor   i s   removed  by   rad ia t ion .   This  

a r r angemen t   somewha t  lirnits co l lec tor   t empera ture   cont ro l .  As may  be  s e e n  

f r o m   F i g u r e  10, at TF = 2153OK, the   co l lec tor   ran  at 1061°K fo r   t he   cu rve   t ha t  

gave  the  optimum  output at 20 a m p s / c m  . W e  believe  that   maximum  output 

at e m i t t e r   t e m p e r a t u r e  of  2153'K would  be at a lower  col lector   temperature .  

The   dashed   ex tens ion  of t he   cu rve   i n   F igu re  12 is an  estimated  output of this 

c o n v e r t e r  if the   col lector   could  be  kept   cooler .  

2 

The  preceding  report(12)   descr ibed a conver te r   wi th  a niobium 

col lector   and a tungs ten   emi t te r   o r ien ted   wi th   the  ( L O O )  p lanes   paral le l   to   the 

surface  but   e tched  to   expose  the (110) planes.  W e  have  es t imated  that  a con- 

ve r t e r   w i th  a nickel  collector  has  about 0. 1 volt   more  output  potential  at 

20 a m p s / c m 2   c u r r e n t   t h a n  a converter   with a niobium  collector.   The  upper 

dashed   curve   in   F igure  12 includes  this 0. 1 vol t   and  represents   the  ant ic ipated 

ou tpu t   f rom a W(lOO){llO/ - Ni conver te r .  

It is a p p a r e n t   f r o m   F i g u r e s  5 through 12 tha t   the   conver te r   repor ted  

h e r e  is a high  performance  converter .   In  fact, if the  collector  work  function 

is not   less   than  the 1.  61 e V  ini t ia l ly   measured,   i t  is difficult  to  explain  the 

excellent  output  voltages.   With  the  emitter  at   2070°K,  the  bias  on  the a. c .  

c i rcu i t   was   reduced  s o  that  the  sweep  would  go  in  the  reverse  direction. 

With  the  collector  at  883OK,  907OK, and 931°K, the  load  l ines  in  the  quadrant,  

where   t he   conve r t e r  is d rawing   e l ec t ron   cu r ren t   f rom  the   co l l ec to r  to the 

emit ter ,   showed  s l ight   plateaus  before   going  into a discharge  mode.   Assuming 

these   p l a t eaus   r ep resen ted   t he   s a tu ra t ion   e l ec t ron   emis s ion   f rom  the   co l l ec to r ,  

the  calculated  col lector   work  funct ion  was  1 .46  eV,   1 .46  eV,   and  1 .475  eV,  

respect ively.  

Dur ing   th i s   measurement ,  a phase   sh i f t   in   the   60-cyc le   c i rcu i t   was  

noted  which  caused a somewhat   d i s tor ted   load   l ine   on   the   x -y   recorder .  

While   t rying  to   reduce  the  phase  shif t   between  the  impressed  vol tage  and 

o b s e r v e d   c u r r e n t ,  it was   no t iced   tha t   the   thermionic   conver te r   was   no t  
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r e spond ing   p rope r ly   t o   changes   i n   t he   ce s ium  r e se rvo i r   t empera tu re .   The  

ces ium  was   be ing   l o s t   f rom  the   conve r t e r   due   t o   an   enve lope   l eak .   The  emittei 

w a s   c o o l e d   a n d   s e v e r a l   m e a s u r e m e n t s   w e r e   m a d e  of t he   s a tu ra t ion   emis s ion  

f r o m   t h e   c o l l e c t o r  at va r ious   t empera tu res   be fo re   t he   ce s ium  was   l o s t .   E igh t  

measu remen t s   gave   work   func t ion   va lues   r ang ing   f rom 1.  42 to 1. 45  eV,  with  an 

a v e r a g e  of 1.435 eV.  S ince   t he   conve r t e r   was   l o s ing   i t s   ce s ium  and   p robab ly  

did  not   have  l iquid  cesium  in   the  cesium  reservoir ,   there  is no c o r r e l a t i o n  

be tween   t he   ce s ium  ba th   t empera tu re   and   ce s ium  p re s su re .   The re fo re ,  

TC/Tcs   ra t ios   cannot   be   de te rmined   for   these   work   func t ion   va lues .   However ,  

these   measurements   def in i te ly   show  tha t   the   work   func t ion  of the   n icke l  

co l lec tor   decreased   whi le   the   tube   was  left at r o o m   t e m p e r a t u r e   f o r  a month. 

In  another   exper iment (6)  a s i m i l a r   r e s u l t   w a s   o b s e r v e d   w i t h  a tungsten 

coating  on a nickel   col lector .   Immediately after evaporating  tungsten  onto  the 

n i cke l ,   t he   min imum  work   func t ion   was   measu red   t o   be  1. 72 e V .  A f t e r   t h e  

tube   r ema ined   fo r   t h ree   weeks  at room  tempera ture ,   the   min imum  work   func t io  

was  found  to  be 1. 47 eV.  In   both  cases   during  the  ini t ia l   few  hours   operat ion,  

t h e r e   w a s  no apparent   change   in   conver te r   per formance .   The   changes   appeared  

to   occur   whi le   the   conver te rs   were   l e f t   fo r  a f ew  weeks   a t   room  t empera tu re .  

One  possible  hypothesis is that   the low work   func t ion   sur face  is a semiconduct-  

ing  compound  composed of the   a toms of nickel   or   tungsten,   oxygen  and  cesium. 

In  the  converters   that   have  been  careful ly   c leaned  and  contain  cesium,  the 

oxygen  pressure  is  s o  low that  it takes a few  days  for  a monolayer  of oxygen 

to   accumula te  on the   co l lec tor   sur face .   The   Ni -0-Cs   or  W - 0 - C s  compound 

is f o r m e d  at room  t empera tu re   o r   poss ib ly   t he   nex t   t ime   t he   co l l ec to r   i s  

warmed.   This   explanat ion is very   t en ta t ive   and   fur ther   observa t ions  are needec 

to  verify  this  hypothes  is .  

One  might  instead  postulate  the  high  temperature  operation (1061'K)  of 

the  col lector   c leaned  up  the  nickel   and  lowered  the  work  funct ion of t he   ce s ium-  

covered  col lector .  If th i s   i s   t he   exp lana t ion   fo r   t he   improvemen t  of t h e  

conver te r   ou tput ,   the   conver te r   would   have   shown  progress ive   improvement  

in   ou tput   wi th   opera t ion .   The   f i r s t   per formance  tests w e r e   a t   T E  = 1770°K, 
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TCs = 553OK and  Tc = 873OK ( F i g u r e  6). This   gave  an  output  of 0. 67  volts at 

5. a m p s / c m  . The  conver te r ,  (I2)  W(lO0) (1101- Nb,  gave  an  output of 0 .48 volts 

at 5 a m p s / c m 2  at T E  = 1745OK, TCs = 553OK, T c  = 923OK, 5-mil   spacing 

(see F i g u r e  A-9 of r e f e r e n c e  12). F i g u r e  11 at 1.770°K also  shows  good  output 

at 20 a m p s / c m 2 .  It a p p e a r s  as though  this (110) W-Ni  converter   had  high 

output   immedia te ly   a f te r   remain ing   a t   room  tempera ture   for   one   month ,   and  

even  heat ing  the  col lector   to  1065OK ( F i g u r e  10) did  not  change  the low w o r k  

function of the   ces ium  coa ted   co l lec tor .  

2 

A converter   previously  tes ted(12)   had a (100) or ien ted   tungs ten   emi t te r  

etched  to  expose  the (110) planes.   This   t reatment   produced a rough  sur face  

with  an area estimated  to  be 1.41 t imes   t he   geomet r i ca l  area. Since  both 

e m  t te rs   had   the  (110) planes of tungsten  exposed,  one  would  expect  that  they 

would  have  the same abili ty  to  adsorb  cesium. If one   t r ies   to   match   load  

l ines   for   the   two  conver te rs   wi th   the  same spacing  and TE values,  it is found 

in   general   that   the   converter   with  the  W(l l0)f l lOl   emit ter   requires  a c e s i u m  

rese rvo i r   t empera tu re   abou t  20  K higher.  If one  divides   the  current   densi ty  

of the  previous  converter   by 1. 41 to   co r rec t   fo r   t he   su r f ace   a r ea   d i f f e rence ,  

the  W(llO){llO\  converter st i l l  r e q u i r e s  a c e s i u m   r e s e r v o i r   t e m p e r a t u r e   f r o m  

7OK t o  lOoK higher  to  make  the  load  lines  match.  This  suggests  that  the 

W(lOO)(llO) emi t te r   adsorbed   the   ces ium  s l igh t ly   be t te r   than   the  W(llO)(llOl 

emitter. One  explanation  for  this is that   the  W(lOO){llOl emit ter   might   have 

had a t r a c e  of oxygen on the  surface  which  increased  the  bare   work  funct ion 

s l ight ly   and  increased  the  cesium  adsorpt ion.   Probably  i t   would  only  take 

a small f rac t ion  of a monolayer  of oxygen  to   make  this  small difference.   This 

explanation seems plausible ,   because in the   f ina l   p rocess ing   the  W(llO){llO\ 

w a s  heated  to a h igher   t empera ture   and   ou tgassed   more   thoroughly   than   the  

~ (100) (1101   emi t t e r .  

0 

F i g u r e  13 shows  an  efficiency estimate made   a t  TE  = 2155'K using 

calculated  input   power  and  observed  output   power  corrected  for   vol tage  drop 

in   the   emi t te r   l ead .   The   envelope  of the  family of load  lines  had a c o m p a r a -  

tively  high  output  voltage at LO a m p s / c m  2 . This   resu l t   g ives   the   unusua l ly  
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high  efficiency of 2270 at this   low  current   densi ty .   Not ice   that   the   eff ic iency 

cu rve   shows  a broad  maximum,  the  eff ic iency  varying  by a fac tor  of only 

1.05  in  the  range 10 a rnps /cmZ  to   40   amps/crn  2 . 

POST-TEST  ELECTRODE  EXAMINATION 

The   conve r t e r   was   d i sa s sembled   and   t he   e l ec t rodes   examined .  

F i g u r e  14a  shows  the  collector  and  guard.   The  nickel  collector  shows  extensive 

recrystal l izat ion.   As  ment ioned  previously,  at T E  = 2057OK the  col lector  

could  not  be  cooled  sufficiently  and it was   opera ted   ho t te r   than   the   guard .   Also ,  

tk r e  are  29  spots   on  the  two  e lectrodes  that   appear  as though arc d i s c h a r g e s  

had   occur red .   Probably   these   occur red   whi le   measur ing   the   work   func t ion  of 

the  collector.  It was  ment ioned  previously  that   dur ing  col lector   work  funct ion 

m e a s u r e m e n t s   ( T c  = 806'K) the   conve r t e r   wen t   i n to   d i scha rges .   Twe lve   x -y  

recordings  show  such  discharges  and  probably  addi t ional   discharges  occurred 

when  record ings   were   no t   be ing   made .   F igure  14b shows  an  enlargement  of 

two of these   spots .  

The   emi t te r   looked   a lmost   exac t ly  as i t  did  when  put  into  the  converter. 

F i g u r e s  15a and 15b show  the same area of the   emi t te r   cen ter   before   and   a f te r  

operat ion.   The  ghosts  of t he   o r ig ina l   g ra in   s t ruc tu re   a r e   ea s i ly   i den t i f i ed .  

T h e  new grain  boundaries   have  moved  s l ight ly .   Par t icular ly ,   the   r ight-hand 

end of the  r ight-hand  boundary in F i g u r e  15b has  moved  down a few  microns .  

These   two  p ic tures   i l lus t ra te   tha t   th i s   type  of t ungs t en   emi t t e r   su r f ace  is 

ex t r eme ly   s t ab le .  

PERFORMANCE  COMPARISON  WITH  OTHER  ELECTRODE  MATERIALS 

Test results on a  thermionic  converter  with  a  single-crystal (110) surface 

tungsten  emitter and a molybdenum collector  obtained by Athanis and Van Someren 
have  been  summarized  previously. (l) From  discussion with  Athanis, it was  learned 

that the   vo l tages   repor ted  are usable   ou tput   vo l tages .   To   de te rmine   the  

e lec t rode   po ten t ia l   d i f fe rence ,   the   ohmic   po ten t ia l  loss in   the  emit ter   support  

lead  must  be  added  to  the  output  voltage.   Also,   Athanis  and  Van  Someren  did 
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FIGURE 14a. COLLECTOR AND  GUARD  RING  AFTER  OPERATION 
(MAGNIFICATION - 4.2X) 

FIGURE 14b. ENLARGEMENT  OF TWO  "DISCHARGE" SPOTS ON COLLECTOR 
(MAGNI  FlCATlON - 42x1 
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FIGURE 15a. EMITTER 1 BEFORE  CONVERTER  OPERATION - DIAMETER = 0.53 mm 



no t   co r rec t   fo r   t he   t empera tu re   d i f f e rence   be tween   t he   back   s ide   and   t he   f ron t  

s i d e  of the  tungsten emitter. They  estimate tha t   du r ing   t he   t ime   t hey   were  

taking  the  data ,   th is  AT was  about  40°K. F i g u r e  16 compares   the  output   power 

of t he   A than i s -Van   Someren   conve r t e r   w i th   t ha t  of t he   conve r t e r   r epor t ed   he re  

as a function of emi t t e r   t empera tu re   and   cu r ren t   dens i ty .   The   open   c i r c l e s  

r ep resen t   da t a   p re sen ted  by  Athanis   and  Van  Someren  corrected  for   vol tage 

and   tempera ture  as explained  above.  It is surpr is ing  that   the   two  converter :  

had  almost  identical   output  powers  because  the  Athanis  and  Van  Someren 

conver te r   had  a 2-mil   spacing  and a molybdenum  co l lec tor   whereas   the  

00 n v e r t e r  of t h i s   r epor t   had  a 5-mil   spacing  and a n i c k e l   c o l l e c t o r .   F r o m  

tests on earlier conve r t e r s ,   t he   i nc reased   ou tpu t   when   go ing   f rom  5 -mi l  

spac ing   to   2 -mi l   spac ing  is usually  not  very  great;  s o  possibly a nickel 

co l lec tor  is suff ic ient ly   bet ter   than a molybdenum  col lector   to   compensate   for  

the  difference  in   the  spacing.   The  vapor   deposi ted  polycrystal l ine  tungsten 

e r r i t t e r   o r ien ted   wi th   the  (110) c rys ta l l i t es   exposed   i s  as good as a s ingle  

c r y s t a l  (110) tungs ten   emi t te r .  

F i g u r e  16 shows   fo r   compar i son ,   da t a   f rom two o the r  similar con- 

v e r t e r s :  (a) The  converter   by  Howard,   Van  Someren  and  Yang  had  an  ident ical  

emi t te r   to   tha t  of th i s   repor t ,  a molybdenum  col lector   and a 5-mi l  spacing. 

Tl-e ir pre l iminary   repor t   on ly   gave   one   load   l ine .   The   ou tput   a t  10 a m p s / c m  2 

i s   shown.   (b)   The   conver te r   repor ted   by   Ki t r i lak is   and   Rufeh   had   an   e lec t ro-  

e tched  rhenium  emit ter   with a work  function of 4. 88 eV,  and a molybdenum 

col lec tor .   Comple te  families of load   l ines   were   g iven .   For   compar ison ,   the  

poin ts   shown  a re   for  20  amps/cm2  and   5-mi l   spac ing .  As one  might  expect,  

the  lower  vacuum  work  function of t he i r   emi t t e r   r e su l t s   i n   s l i gh t ly   l e s s  

power  output. 
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CONCLUSIONS 

Although  this  converter was not   operated  for  a long  period of time t o  

demonst ra te   s tab le   opera t ion   wi th  a long life, there   were   no   ind ica t ions  of a 

reduction in  output  power  with  operation.  Visual  observation  and  work  function 

measurements   made   dur ing   ex tens ive   emi t te r   hea t   t rea tments   ind ica ted   tha t  

the   c rys ta l l i t es   wi th   the  (110) planes  exposed  were  the  most   s table   and  would 

grow  at   the  expense of neighboring  crystall i tes  not s o  or ien ted .   The   sample  

u s e d f o r   t h e   e m i t t e r   w a s   n e a r l y  100% (110) oriented;  therefore,   one  would  expect 

i t  would   be   ex t remely   s tab le   a t   normal   opera t ing   emi t te r   t empera tures .  

The  converter   with  the  (Ll0)-or iented  polycrystal l ine  tungsten  emit ter  

gave  almost  identical   output as one  with a s ingle-crys ta l  (110) tungsten  emit ter .  

The re   was   ev idence  of improvement   in   the  nickel   col lector   af ter  

standing in  "vacuum"  for  one  month.   The  "aged"  nickel  collector  may  have 

had a s l ight ly   lower  cesiated  work  funct ion  than  the  molybdenum  col lectors  

of conver te rs   wi th   which   th i s   conver te r   was   compared .  
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